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A major regulator of Na-Pi cotransport is changes in dietary Pi
content. Dietary Pi restriction is associated with an adaptive
increase of the overall proximal tubular capacity to reabsorb Pi
[1—5]. Part of this phenomenon is independent of extrarenal
factors such as parathyroid hormone, 1,25-dihydroxyvitamin D3,
plasma calcium, or growth hormone [6]. The adaptive phenome-
non also occurs in renal tubular cells grown in culture upon
lowering of the culture media Pi content [7—9]. In response to the
in viva or cell culture Pi restriction, the increase in apical brush
border membrane (BBM) Na-Pi cotransport is mediated by an
increase in the Vrm,x, while there are no changes in the affinities of
the transporter for Pi or Na ions.
Previous in vivo and cell culture studies indicated that adapta-
tion to chronic Pi restriction can be abolished by inhibitors of
transcription and protein synthesis [7, 8, 10]. However, it could
not be determined whether the proteins involved in the adaptive
response represent newly synthesized Na-Pi cotransporters or if
other regulatory proteins are involved.
Recently, the cDNA for a Na-Pi cotransport system of rat
kidney cortex (type 11 Na-Pi transporter, or NaPi-2) has been
identified by expression cloning [111. Using polyclonal antibodies
raised against this renal Na-Pi cotransport system, and using the
polymerase chain reaction after reverse transcription of mRNA in
microdissected nephron segments, we recently demonstrated that
NaPi-2 related mRNA and protein is expressed in the apical brush
border membrane of the proximal tubules of rat kidney [121.
These advances made it possible to determine whether alterations
in Na-Pi cotransport specific mRNA and/or protein abundance,
versus other regulatory proteins, play a role in the renal tubular
adaptation to dietary Pi restriction.
Cellular mechanisms of chronic adaptation to
low-phosphate diet
To determine the cellular mechanisms of chronic adaptation of
rat renal Na-Pi cotransporter to low Pi diet, adult male Sprague-
Dawley rats were fed a low-Pi (0.1%) or a high-Pi (1.2%) diet for
seven days. There was a threefold increase in BBM Na-Pi
cotransport activity in animals fed a low-Pi diet compared with
animals fed a high-Pi diet (Fig. IA). In contrast, there were no
changes in Na-glucose or Na-proline cotransport activities.
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Western blot analysis of BBM proteins was performed using an
antiserum raised against a COOH-terminal peptide of NaPi-2
protein [12—15]. As shown in Figure 1B, the antiserum recognizes
proteins with apparent molecular weights of 80 to 90 kDa in BBM
of rats. Densitometric analysis of the staining intensities of the
NaPi-2 protein-related bands indicated a fivefold increase in
NaPi-2 protein abundance in BBM isolated from rats chronically
fed a low-Pi diet. In contrast, there was no change in the
abundance of ecto-5'-nucleotidase protein.
The results of the Western blot analysis were confirmed by
immunohistochemistry performed in a separate group of similarly
fed the low- or high-Pi diets for seven days. After chronic
adaptation to low-Pi diet, there was a marked up-regulation of
NaPi-2 protein expression in the apical membrane of the proximal
tubule (Fig. 2). The regulatory effect of dietary Pi adaptation at
the BBM of the proximal tubule was specific for NaPi-2 protein,
as the expression of the BBM marker proteins ecto-5'-nucleotid-
ase and gamma-glutamyltranspeptidase remained unaffected.
Northern blot analysis of RNA isolated from the renal cortex
[15—18] revealed that NaPi-2 mRNA, shown by a 2.6-kb transcript,
was increased by 2.2-fold in rats fed a low-Pi diet (Fig. 1C). In
contrast, there were no changes in the abundance of GAPDH and
/3-actin mRNA.
In summary, the chronic adaptation to a low-Pi diet is charac-
terized by parallel increases in BBM Na-Pi cotransport activity,
BBM NaPi-2 protein abundance, and renal cortical NaPi-2
mRNA level. Our results suggest that transcriptional and trans-
lational mechanisms play a role in the chronic adaptation to
low-Pi diet. Our conclusion is supported by previous studies which
demonstrated that inhibition of transcription (actinomycin D) or
de nova protein synthesis (cycloheximide) prevented the chronic
adaptive increase in Na-Pi cotransport activity in response to a
low-Pi diet [7, 9, 10].
Cellular mechanisms of acute adaptation to low-phosphate diet
In these studies adult male Sprague-Dawley rats were fed a
high-Pi (1.2% Pi) diet every day from 7:00 am. to 11:00 am. for
seven consecutive days. On the day of the experiment rats were
then fed either a high-Pi diet or a low-Pi (0.1% Pi) diet for two to
four hours prior to sacrifice. There was a 1.5-fold increase in BBM
Na-Pi cotransport activity in animals acutely fed a low-Pi diet (Fig.
3A). Western blot analysis indicated that the acute upregulation
of BBM Na-Pi cotransport activity was paralleled by a 1.8-fold
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increase in BBM NaPi-2 protein abundance (Fig, 3B). Immuno-
histochemistry similarly demonstrated rapid up-regulation of
NaPi-2 protein expression in the apical membrane of the proximal
tubule (Fig. 2). Northern blot analysis demonstrated that there
was no change in renal cortical NaPi-2 mRNA abundance (Fig.
3C). The acute adaptive increases in BBM Na-Pi cotransport
activity and NaPi-2 protein abundance, independent of a change
in NaPi-2 mRNA abundance suggest that the acute upregulation
of Na-Pi cotransport is mediated by post-transcriptional and
post-translational mechanisms.
To further determine whether the acute up-regulation occurs
independent of transcriptional or translational mechanisms, rats
chronically fed a high-Pi (1.2%) diet were pretreated with actino-
mycin D or cycloheximide for 24 hours prior to the experimental
period. On the day of the experiment the rats were then fed with
a high-Pi or a low-Pi (0.1%) diet prior to sacrifice. In response to
a low-Pi diet, in vehicle treated rats there was a 1.7-fold increase
in BBM Na-Pi cotransport activity (Fig. 4A). Treatment of rats
with actinomycin D or cycloheximide did not prevent the acute
up-regulation of BBM Na-Pi cotransport activity in response to a
low-Pi diet (Fig. 4 B, C). The doses of actinomycin D and
cycloheximide used in the present study were identical to doses
which previously have been shown to inhibit transcription and
translation, respectively, and to prevent the chronic (3 days)
adaptation of BBM Na-Pi cotransport activity in response to a
low-Pi diet [101. Western blot analysis indicated that actinomycin
D or cycloheximide also did not prevent the acute up-regulation
of BBM NaPi-2 protein abundance (results not shown). Our
results which indicates that the acute upregulation of BBM Na-Pi
cotransport activity is independent of de novo transcription or
translation is an agreement with an earlier study that also showed
that the acute adaptive process is independent of endogenous
parathyroid hormone activity [19]. Our results therefore suggest
that post-translational mechanisms (that is, protein trafficking)
play a role in the acute adaptation to low-Pi diet.
Role of microtubules in the acute up-regulation of Na-Pi
cotransport in response to low-phosphate diet
Microtubules play a critical role in the organization and dynam-
ics of membrane organelles, and in the trafficking of proteins and
lipids from and to the plasma membrane [20—25]. To assess the
role of microtubules in the rapid up-regulation of proximal
tubular apical membrane NaPi-2 protein abundance in response
to low-Pi diet, we examined the acute adaptive response to low-Pi
diet in rats pretreated with the microtubule disrupting agent
coichicine. Colchicine completely abolished the up-regulation of
BBM Na-Pi cotransport activity and NaPi-2 protein abundance
(Fig. 5 A, B). Immunohistochemistiy showed that coichicine
treatment resulted in total disruption of the microtubular network
in proximal tubular cells. Furthermore, translocation of NaPi-2
protein from intracellular compartments to the apical membrane,
which occurs during acute adaptive up-regulation, was blocked by
coichicine (results not shown). Our results in the rat is in
agreement with a recent study from this laboratory which showed
that the adaptive response of Na-Pi cotransport in opossum
kidney (OK) cells to a low-Pi medium is significantly impaired in
the presence of microtubule disrupting agents nocodazole and
coichicine [26].
In summary, we conclude that the acute up-regulation of Na-Pi
cotransport activity and NaPi-2 protein in the apical membranes
of proximal tubules following acute dietary Pi restriction is
mediated by a rapid, microtuhule-dependent translocation of
NaPi-2 protein from intracellular compartments to the apical
membrane.
Cellular mechanisms of acute adaptation to
high-phosphate diet
In these studies, adult male Sprague-Dawley rats were fed a
low-Pi (0.1% Pi) diet every day from 7:00 a.m. to 11:00 am. for
seven consecutive days. On the day of the experiment rats were
then fed either a low-Pi diet or a high-Pi (1.2% Pi) diet for two to
four hours prior to sacrifice. There was a 1.8-fold decrease in
BBM Na-Pi cotransport activity in animals acutely fed a high-Pi
diet (Fig. 6A). Western blot analysis indicated that the acute
down-regulation of BBM Na-Pi cotransport activity was paralleled
by a 3.8-fold decrease in BBM NaPi-2 protein abundance (Fig.
6B). Immunohistochemistry similarly demonstrated rapid down-
regulation of NaPi-2 protein expression in the apical membrane of
the proximal tubule (Fig. 2). Northern blot analysis demonstrated
A
2000
B
>
C.)
II
0E
z
C
a)0
c.j
Caz
Lötscher et al: Changes in dietaty Pi 1013
1.2 P1 0.1 P1 1.2 P1 0.1 Pi
Fig. 1. Ejfrct of chronic low-phosphate (0.1% Pi) diet on (A) brush border membrane Na-Pi cotransport activity, as measured by the vesicular uptake of 32Pi
(P <0.01, (B) hrnsh border membrane NaPi-2 protein abundance as determined by Western blot analysis, and (C) renal cortical NaPi-2 mRNA abundance,
as determined by Northern blot analysis.
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Fig. 2. Immunostaining of NaPi-2, with a rabbit antiserum and a FITC-labeled goat anti-rabbit antibody in superficial cortex of rat kidney: Ciyostat Sections.
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that there was no change in renal cortical NaPi-2 mRNA abun-
dance (Fig. oC). The acute adaptive decreases in BBM Na-Pi
cotransport activity and NaPi-2 protein abundance, independent
of a change in NaPi-2 mRNA abundance, suggest that the acute
down-regulation of Na-Pi cotransport is mediated by post-tran-
scriptional and post-translational mechanisms, most likely by
rapid endocytic internalization of the Na-Pi cotransporters from
the apical membrane to the intracellular compartments.
Following an acute high-Pi intake the decrease in plasma
calcium and the increase in plasma phosphorus concentrations are
associated with an increase in parathyroid hormone (PTH) re-
lease. To assess the contributory role of parathyroid hormone in
the rapid down-regulation of Na-Pi eotransport activity in re-
sponse to an acute high-Pi diet, we performed parallel studies in
rats with selective parathyroideetomy (Charles River, Boston,
MA, USA) or control rats who underwent sham surgery. In rats
who were chronically fed a low-Pi (0.1% Pi) diet, following acute
administration of a high-Pi (0.6% Pi) diet, the decrease in BBM
Na-Pi cotransport activity were similar in both control and
parathyroidectomized rats (Fig. 7 A, B). Our results therefore
indicate that parathyroid hormone does not play a critical role in
the rapid down-regulation of Na-Pi cotransport activity in re-
sponse to an acute high-Pi diet.
In addition to playing an important role in the targeting
(exocytosis) of proteins to the plasma membrane, in certain cell
types microtubules have also been shown to regulate the internal-
ization (endocytosis) of proteins from the plasma membrane [27].
We therefore examined the potential role of mierotubules in the
rapid down-regulation of Na-Pi eotransport activity in response to
a high-Pi diet. We found that in rats chronically fed a low-Pi
(0.1%) diet, following acute administration of a high-Pi (1.2%)
diet, the decrease in BBM Na-Pi eotransport activity was similar in
both vehicle or coichicine pretreated rats (Fig. 8 A, B). Our results
therefore indicate that microtubules do not play an important role
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Fig. 3. Effect of acute low-phosphate (0.1% Pi) diet on (A) BBM Na-Pi cotransport activity (P <0.01), (B) BBM NaPi-2 protein abundance, and () renal
cortical NaPi-2 mRNA abundance.
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Fig. 4. Effect of acute low-phosphate (0.1% Pi) diet on BBM Na-Pi cotransport activity in (A.) vehicle treated rats, (B) cycloheximide treated rats (0.5 mg/kg
body wt, given intraperitoneally 24 hr prior to acute low-Pi diet), (C) actinomycin D treated rats (0.12 mg/kg body wt, given intraperitoneally 24 hr prior to acute
low-Pi diet) (P <0.01).
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in the rapid down-reguiation of Na-Pi cotransport activity in
response to an acute high-Pi diet. This work was supported by a Merit Review grant from the Department
En summary, we conclude that the rapid down-regulation of of Veterans Affairs (to M. Levi) and by Swiss National Foundation grants
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mal tubule, by cellular mechanisms that are independent of
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Fig. 5. Effect of acute low-phosphate (0.1% Pi)
diet on (i) BBM Na-Pi cotransport activity and
(ii) BBM NaPi-2 protein abundance in (A)
vehicle treated rats (P < 0.01), (B) coichicine
treated rats (1 mg/kg body wt, given0 intraperitoneally 3 hr prior to acute low-Pi diet;
P = NS).
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Fig. 6. Effect of acute high-phosphate (1.2% Pi) diet on (A) BBM Na-Pi cotransport activity (P < 0.01), (B) BBM NaPi-2 protein abundance, and (C) renal
cortical NaPi-2 mRNA abundance.
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